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Abstract 
In case of KAPS and KGS, different ingots were used for manufacturing the coolant channels. Due to difference in the creep 
related material properties of different ingots, the coolant channels in these reactors experienced different creep rate. Due to the 
differential creep rates, especially in the neighboring channels, the coolant channels came into contact with each other. This is a 
serious deviation from as installed conditions wherein the gaps and spacing between closely assembled coolant channel 
components are decided based on accurate assessment of known loads and forces. Differential creep results in closing of gaps 
between neighboring feeder pipes or between feeder pipe and gray-loc clamp. Depending on the orientation of the clamp and 
direction of the feeder pipe at that location, worst contact could be between the first elbow of feeder pipe and the sharp edge of 
the crown nut on clamp. Several such contacts have been detected in KAPS and KGS. Seriousness of the contact emerges from 
the fact that the coolant channel and the feeder pipes vibrate due to coolant flow with high velocity.  With time the contact 
conditions like the contact force and location(s) of contact change and this has significant influence on the life and performance 
of the coolant channel as a whole. Since feeder pipes are constantly vibrating, the contacting locations are likely to be dented or 
damaged. Whenever and wherever possible, NPCIL has tried to remove the contact locally. Since the process of creep is ongoing, 
more and more feeder pipes are likely to come in contact and those in which the local corrections for removing the contact are 
made could also need correction as the time progresses. In order to assess the severity of damage, a full scale setup was erected. 
Contact was established between feeder pipe and the hard locking nut of gray-loc clamp. Based on previous vibration data 
collected from feeder pipes and end fittings, and the ASME`s O&M guidelines on acceptable level of piping vibration in nuclear 
piping, vibration was induced in the contacting feeder pipes. The test was continued for more than 1007 cycles. On the basis of 
damage seen on the feeder pipe due to contact, R6 method has been employed to determine the critical crack size in the feeder 
pipe with a postulated axial part-through semi-elliptical crack.  The failure assessment diagram was constructed in the K-L plane. 
The lowest critical crack depth was calculated as 4.67 mm as against observed depth of dent of 1.1 mm.  
The paper deals with the critical assessment of contact between neighboring coolant channels caused by differential creep and 
assessment of safety margin available before corrective action need to be initiated.   
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1. Introduction 
The coolant channels and the feeder pipes constitute one of the most safety critical components in Indian 
PHWRs. The various degradation mechanism affecting the operational life of the feeder pipes are Flow Accelerated 
Corrosion (FAC), service induced cracking due to Stress Corrosion Cracking (SCC), Low Temperature Creep 
Cracking (LTCC) mechanisms, etc ([1],[2],[3],[4]). Besides, due to different ingots used in manufacturing of coolant 
channels, neighboring channels have been noticed to creep differentially. The material properties (influencing the 
creep rate) of the ingots obtained from different sources of supply are different and so coolant channels creep at 
different rate ([5],[6]). This differential creep in the neighboring coolant channels have resulted in closing the design 
gap between the coolant channels and in many cases, contact has been noticed. Contacting coolant channels fret due 
to constant vibration caused by flow of coolant in channels. Fretting wear, if significant, can bring down the 
operational life of the feeders drastically [7]. Study was carried out to assess critical life limiting parameters by 
simulating fret ([8],[9],[10],[11]).  
Simulation study was carried out on a full scale mock up erected in an experimental facility. Two 2 inch 
diameter feeder pipes were specially fabricated and connected to the firmly fixed end-fittings with gray-loc clamps. 
The material of feeder pipe was chosen as that in actual rector condition, which is a special grade of carbon steel. 
Provision was made to axially move one end-fitting with respect to other in order to establish contact between the 
two feeder pipes. Vibration was induced in the feeder pipe with a seismic-range electromagnetic shaker. To achieve 
severest contact that can cause more damage to the feeder pipe, the Gray-loc clamp was oriented such that the edge 
of the crown lock nut contacts at the first elbow location of the feeder pipe. Contact between hard Gray-loc nut and 
the ductile feeder pipe especially on the elbow is expected to cause maximum damage to the feeder pipe. Since 
feeder pipes are constantly vibrating, the contacting locations are likely to be dented or damaged. For estimating the 
critical crack length based on the experimental observation, fracture analysis was carried out ([12],[13]). This paper 
gives the highlights and conclusions drawn from the test and analysis. 
2.  The Test Set-up and the Analysis Scheme 
The photograph of the set up is shown in Fig. 1 wherein positions of the feeders with respect to the end 
fittings and the shaker used for inducing vibration is shown.  The feeders were instrumented with sensitive 
accelerometers all along at strategic locations in all three directions to identify their natural frequencies and mode 
shapes.  
 
Figure 1 Actual Photograph of the Test Set-up 
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The scheme for testing [14] was as follows: 
(a) Simulating the fixing condition of the feeder: The lower end was firmly gripped to the end fitting by the 
Grayloc coupling. The top end was clamped to a support projecting on the vertical steel columns in the 
facility. Both the feeders were filled with water which was maintained all through the test. The 
participating mass and the stiffness in the test were thus closely simulated. Effect of temperature assumed 
to be small, and so was ignored. 
(b) Modal testing of feeder pipes: The feeder pipes constantly vibrate due to flow of coolant and due to flow 
pulsations. Flow induced excitations are typically low frequency phenomena. Lower modes of the feeder 
pipes prominently participate in over all vibration. For simulating flow induced vibration in the feeder 
pipes, it is important to identify the natural frequencies. Hence modal analysis (Ewins, 1984) was carried 
out. 
(c) Simulating contact between feeder pipes: Two feeder pipes were erected in test facility along with their 
coolant channels. It was possible to make contact between the hard crown-nut of the Grayloc hub on the 
straight portion of the feeder next to the first elbow. This was simulating digging of the feeder pipe by the 
sharp edge of the nut. In this condition, modal test of both feeder pipes was carried out to identify common 
natural frequency. 
(d) Inducing vibration in feeder pipes: Flow induced vibration is random in nature prominently in the lower 
frequency range. Ideally narrow band random vibration need to be induced in the feeder pipe in the 
frequency range up to 300 Hz. In order to make the test more conservative, it was decided to excite the 
feeder pipes in the first mode. In the lower modes, the displacement amplitudes are expected to be high 
which is more crucial from fretting consideration. 
(e) Amplitude of vibration: Vibration in feeder pipes varies depending on size, layout, flow rate and 
damping. ASME O&M code specifies limiting vibrations in nuclear piping. The screening level is 15 mm/s 
in the band up to 300 Hz. In order to make the test conservative, it was decided to induce maximum 
vibration of 30 mm/s on the anti-node of the first mode of the feeder pipes. 
(f) Time duration of the test: Any test associated with dynamics is counted in terms of number of stress 
cycles. In this particular case, the amplitude of vibration is high at a fixed frequency. The contact location 
between the feeder pipes is close to anti-node of the mode. The amplitude of vibration at the anti-node will 
be low. This is the amplitude with which the crown nut will fret with the feeder pipe. In case neighboring 
feeder pipes come in contact in the reactor and are left uncorrected, they interact during entire life of the 
reactor. That is too long a duration for testing. In order to assess the effect of vibration and contact in a 
reasonable time with accelerated level of excitation, it was decided to carry out the test up to exceeding 107 
cycles. 
With the above outlined procedural scheme, a detail modal analysis was done on the feeders. At the lowest 
identified natural frequency, an excitation level of 30 mm/sec was provided from the shaker and the progress of 
the dent mark was monitored periodically. 
 
3. Modal Analysis of the Feeder Pipes 
 
A detail modal analysis was carried out on the feeder pipes by giving sine sweep excitation with portable 
seismic shaker. The feeders were instrumented all along the length in the three perpendicular directions as shown in 
Fig. 1. Though the actual mode shapes are three dimensional in nature, the fundamental frequency was found to be 
at 2 Hz. An FFT (Fast Fourier Transform) spectrum plot from various response locations is shown in Fig. 2. Under 
contact condition, the natural frequencies were verified again with the shaker test. 
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Figure 2. FFT spectrum plot showing first mode natural frequency at 2 Hz from all the  
measurement locations on the feeder 
4. The Fretting Test 
The feeder pipes were brought in contact so that the hard crown-nut of the Grayloc clamp on one feeder 
touches the straight portion of the other feeder next to the first elbow. This was simulating digging of the feeder pipe 
by the sharp edge of the hard Grayloc nut. The excitation to the feeder was given at 2 Hz to get amplitude of 30 
mm/s at the anti-node location. Figure 3 shows a typical time cycle and spectrum of the channel at 2 Hz. Figure 4 
shows actual photographs of contact between feeder pipe and lock nut. The contact location was periodically 
checked for the dent size due to continuous vibration and the fretting thereof of the feeders. At regular intervals, the 
contact was being adjusted if needed. Figure 5 shows dent marks after completion of 107 cycles. The dent found is 
about 1.2 mm (max) deep at the contact location. 
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Figure 3. Excitation at the natural frequency of 2 Hz and peak amplitude of 30 mm/sec 
 
 
 
Figure 4. Contact between feeder pipe and crown-nut of Grayloc coupling. 
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Figure 5. Dent on the feeder pipe after 107 completed cycles 
5. Comments on the Fretting Behavior 
Dynamic interaction between structures leads to fret wear damages. The dynamic interaction is formulated 
in terms of work rate which is time integration of product of contact force and sliding distance per unit time shown 
as  
 
ሶܹ ൌ ଵ் ׬ ܨሺݐሻǤ ȁܵȁǤ ݀ݐ
்
଴                                                                    ...… (1) 
 
When the clearance gap between the structures is larger than the maximum amplitude, the work rate is zero. On the 
other extreme, if the friction force due to preload is sufficient to prevent motion, there is little work rate. In other 
words, maximum work rate is achieved when the preload and clearance gap is very small. 
 
The sliding distance S is related to vibration amplitude and frequency and the contact force is related to amplitude 
and frequency and also to the tube mass. The formulation for one span uniform structural vibration in the rth mode is 
given as [15]: 
 
ܹ ൌ ͳ͸Ǥ ߨଷǤ݉Ǥ ܮǤ ݂ଷǤ ܻଶǤ ߞ                                                          ..….. (2) 
 
Where  
W is mechanical power 
m is mass of piping per unit length 
L is length of the pipe 
f is the natural frequency of pipe in rth mode  
Y is mean square maximum amplitude in rth mode   
ȟ is damping 
 
Normally in steam generator tubes where preload and contact gaps are low, the work rate does not exceed 5 
MW. Assuming continuous and uniform wear around the tube diameter, it has been shown that even after 40 years 
of operation the net wear damage would amount to § 20% of wall reduction. In comparison, due to lower work rate 
in feeder pipes where there is preload and active frictional damping, reduction in wall thickness due to continued 
fret is expected to be less.   
 
In our case, the relative movement between the feeders at the contact location is very negligible and once 
the dent is created, the contact pressure between them makes them move together. This results in a very low work 
rate for fretting, which is less than the required critical work rate sufficient for a sizeable fretting damage. After 107 
cycles, a dent size of approximately 1.2 mm deep and 2 mm wide has been observed. Due to work hardening of the 
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contact region, the dent slows down in progress after a certain number of cycles.  
 
6. Fracture Analysis for Critical Flaw size   
Fracture analysis was carried out for the feeder pipe with the dent to assess the limiting condition (size) of 
crack for a catastrophic failure [12]. A severe condition would arise if the dent leads to a leaking condition in the 
feeder. 
The fracture analysis was carried out for the following conditions [16]. 
ID of pipe = 49 mm, OD of pipe = 59.8 mm, Wall thickness = 5.4 mm, Internal Pressure = 70 bar, 
Temperature = 290oC, Yield Stress (σy) and UTS (σu) of pipe material = 240 and 415 MPa respectively. Fracture 
Toughness (KIC) of pipe material = 114 MPa√m (104 ksi√in).  
 
R6 method has been employed to determine the critical crack size in the feeder pipe with a postulated axial 
part-through semi-elliptical crack. R-6 curve is a generalization of both the plastic limit load concept and linear 
elastic fracture mechanics. It allows interpolating between linear elastic fracture mechanics and rigid plastic 
behavior and additionally provides a means of taking the hardening effect into account in those cases where an 
extensive elasto-plastic analysis is not performed. The failure assessment diagram is constructed in the Kr-Lr plane 
where assessment points are evaluated with abscissa, Kr′ = KI /KIC and ordinate, Lr′ = P/PL. 
 
Failure associated with any combination of loading and crack size give rise to an assessment point (Kr′, Lr′) 
falling on or outside of Failure Assessment Line (FAL), and conversely, the combination will be safe if the point lies 
inside FAL. Since Kr′ and Lr′ are proportional to the applied load, the distance from origin to the assessment point 
(Kr′, Lr′) is also proportional to load. For a crack of fixed length, changing the applied load causes the point Kr′ and 
Lr′ to be displaced along a straight line passing through the origin. The safety factor is the ratio of the distance from 
the origin to the point of intersection of this ray and the FAL and the distance between the origin and the assessment 
point (Kr′, Lr′). For prescribed load intensity the loci of points (Kr′, Lr′) for different crack lengths is referred to as 
the path to failure. 
 
Critical crack size has been evaluated for crack growth aspect ratio of 3 and 12. The corresponding critical 
crack depths are 5.2 and 4.67 mm respectively as shown in figure 6. 
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Figure 6. R6 diagram showing the FAD, locus of assessment points with change in crack size and also the 
critical crack size with given load of internal pressure of 7 MPa 
 
7. Conclusions 
a) The tests were carried out on a mock up facility to study fretting wear related damage on the feeder pipes 
due to differential creep in the PHWRs coolant channels and high flow induced vibration in them. 
b) The test results are obtained from simulated contact of the feeders assuming a worst case scenario of the 
hard Grayloc nut touching the adjacent feeder pipe. 
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c) A small dent of 1.2 mm depth and 2 mm width has been observed after 107 cycles of the test suggesting a 
very low work rate; less than the critical rate for a sizeable fretting damage.  
d) Due to work hardening of the contact region, the dent slows down in progress after a certain number of 
cycles. 
e)  Based on the simulated experimental analysis and observations from the fretting test, fracture analysis and 
the low work rate of fretting involved in feeder pipes in contact, it was concluded that fret related wear 
won’t lead to breach of pressure boundary in Primary Heat Transport (PHT) system. 
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